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ABSTRACT 

Tobacco protoplasts enzymatically isolated from suspension culture were studied. 
Isolated protoplasts showed intact plasma membrane surrounded the outer surface, 
but sometimes membrane with breb was also observed. Endoplasmic reticulum was 
abundant and 3 to 10 layers of cisternae in parallel arrangement often occurred. 
Invaginations of cytoplasmic membrane with some organelles in it were also found. 
Oil drops prominently occurred in isolated protoplasts with different characters 
in staining properties and structure. The central and large vacuoles disappeared 
and small vacuoles tremendously increased in number. Nucleus located in the center 
of protoplasts with a distinct nucleolus. Annuli on the surface of nuclear envelop 
were numerous (35/um*). Plastids were different in shape and size. Structural 
patterns of plastids arc more diverse than that of mitochondria. Stereo pairs 
showed the three dimensional structures of protoplasts were all identical to that 
observed in thin sections. 


INTRODUCTION 

Enzymatic isolation of protoplasts from plant tissue and cell suspension is already 
documented (Cocking, 1960; Takebe et al, 1968; Uchimiya and Murashige, 1974). 
Isolated protoplasts, separated completely from cell walls by both mechanical and osmotic 
shock treatments, showed changes in metabolism and ultrastructure. It has been shown 
(Okuno and Furusawa, 1977)that changes in permeability of membrane systems often 
lead to leakage of some solutes from protoplasts, thereby influencing their viability; 
furthermore, the uptake of foreign macromolecules, particles and cell organelles is 
favored (Reinert and Bajaj, 1977). Ultrastructural studies of isolated protoplasts by a 
number of independent workers all using thin section technique have shown the presence 
of:l) wall- free protoplasts with surface irregularities and protrusions (Burgess and 
Fleming, 1974); 2) concentric rings of paired membranes in chloroplasts and cytoplasm 
(Gigot, et al, 1975);3) vacuolar inclusion and vacuolar membrane fusion (Chen, 1980); 
4) increased oil drop numbers and 5) slight chromatic condensation in the nucleus (Gigot 
et al, 1975; Hughes, et al, 1977). 

Although thin section technique has shown a number of interesting phenomena, that 
is some doubt as to whether or not some of these are artifacts of the method itself, on 
view of this, freeze-etch (Willison and Rowe, 1980) and freeze-fracture (Willison and 
Cocking, 1972) have been used as alternative approaches. They successfully showed 
the close relation of microfibril formation to the particle complex in membranes of 
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isolated protoplasts. 

In the present study, both thin section and freeze-fracture techniques were used 
for observing isolated protoplasts from tobacco suspension cultures. The objective being 
to ascertain whether subcellular characteristics are simply artifacts of protoplast iso¬ 
lation techniques, or are in situ realities. 

MATERIALS AND METHODS 

1. Isolation of protoplast 

One gram of fresh cells of Nicotiana tabaccum W38 was transfered from a suspe¬ 
nsion culture to a 125 ml Erlenmeyer flask containing 25 ml UM-mediura (Uchimiya and 
Murashige, 1974) and grown on a gyratory shaker at 150 rpm under 1500 lux illu¬ 
mination. After 4 days of incubation, pipette-filtered cells were collected, mixed with 
40 ml of filter-sterilized enzyme solution (pH 5.7) containing 0.15% cellulysin, 1.0% 
rhozyme, 0.05% driselase and 0.7M mannitol, and incubated on a tektator at 30 rpm 
for 2 hours. Then, mixtures were filtered through a gently raised and lowered 60 ft m 
screen. Filtrates were transfered to a sterile RB tube and centrifuged at 100 xg for 3 
minutes. Pellets were re-suspended in protoplast washing solution containing 1 mM 
phosphate, 9mM Ca ++ and 0.7 mannitol, and then centrifuged at 100 xg. After three 
washings, protoplasts were collected for observation. 

2. Protoplast fusion 

Protoplasts in RB tube were re-suspended in washing medium at concentration of 
10* protoplasts/ml and then gradually added with equal volume of 40% polyethylene 
glycol(PEG) and swirled. The mixture solution was incubated at room temperature for 
30 minutes and the washing medium was gradually added to dilute the PEG solution 
and, then, centrifuged at 100 xg for 3 minutes. Pellet was washed with three changes 
of washing medium and used as sample for thin section. 

3. Thin section 

Equal amounts of protoplast solution and Sabatini fixative were mixed together 
according to Dawes(1971). After 3 hours fixation, protoplasts were washed three times 
with rinse buffer, each time for 30 minutes. They were then postfixed in 1% osmic 
tetraoxide for 2 hours, washed with distilled water, dehydrated in ethanol series, and 
embedded in Spurr's resin. Thin sections, of 60 to 90 nm in thickness, were cut and 
collected on 200 mesh forvar-supported grids. After double staining with uranyl acetate 
and lead citrate, the sections were observed under Hitachi H-600 at 75 KV accelerating 
voltages. 

4. Freexe-firacture 

Both cells and protoplasts were infiltrated with glycerol gradient (0-20% glycerol 
in 0.7M mannitol) and, after sinking to the bottom of the test tube, were collected. 
After having been applied to a gold complementary specimen holder, the samples were 
frozen as guickly as possible in Freon 22 which had been precooled in liquid nitrogen. 
Each specimen cap containing 4 specimen holders was quickly transfered into a Denton 
DFE-3 freeze etch unit. Samples were fractured at -150°C and then etched at -98°C 
for 2 minutes. Replicas were made by shadowing with platinum and carbon at -150 o C, 
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nnd were then cleaned in chromic-sulfuric acid solution. After washings in double-dis¬ 
tilled water, replicas were transfered to grids, and microscopically observed. 

Results 

Cells in suspension culture almost always were round in shape after 4 days incubat¬ 
ion. Sometimes, elongated or branched cells in aggregates were also found. The longer 
duration of incubation (i. e, more than 4 days), gave greater numbers of elongated 
cells. Irrespective of cell shapes present, cells in suspension always gave a high yield 
of protoplasts. The different shaking speeds used affect both the rate and form of 
growth of cell suspensions. Below 110 rpm, cells formed large aggregates and grew 
poorly. Above 160 rpm, cells formed small aggregates and gave low yields. At the 
optimal 150 rpm, cells grew well and in high yield. 

Observations pertaining to the status of protoplasts and organelles are as followi¬ 
ngs: 

Protoplasts-were spherical in shape with wall-free surfaces, and with membrane 

protrusions at the surfaces (Fig. 1A). 

Vacuoles-within the protoplasts were numerous and of different size; they often 

crystal aggregates as vacuolar inclusions (Fig. IB). The cytoplasmic connections 
between vacuoles were thin and numerous, indicating the fast circulation of 
cytoplasmic streaming. 

Endoplasmic reticulum-isolated protoplasts were well developed with three to ten 

layers of cisternae in parallel arrangement being frequently observed (Fig. 1C 
1G). In a few instances, cisternae were in concentric arrangement (Fig. 1C). 
Although distribution of endoplasmic reticulum mostly was in the sub-cytoplasmic 
region, it was sometimes located just beneath the plasma membrane or closely 
attached to it(Fig. II). It is interesting that in this experiment the cisternae 
of any one endoplasmic reticulum often closely paralleled and surrounded a large 
portion of the outside of chloroplasts (Fig. IE). 

Ribosomes-in isolated protoplasts, were mostly membrane-associated and occured in 

the region of rough endoplasmic reticulum (Figs. 1C & 1G). 

Chloroplasts-were polymorphic, including spherical oblong and irregular (Figs. 1A, 

1C & 1G). Double unit-membranes of chloroplasts were still intact in isolated 
protoplasts. Grana were poorly organized and comprised stacking of one to three 
membranes. Starch grains often appeared in chloroplasts (Fig. IB). Plastoglobuli 
in chloroplasts were different in sizes and staining densities, and their sizes 
were much smaller thah that of oil droplets in the cytoplasm (Figs. 1A, IB & 
IE). 

Mitochondria-were found in both singular and aggregated distributions, and were 

oblong in shape. Irrespective of distribution, the internal crests were will deve¬ 
loped and numerous. Those in aggregated distribution were mostly found in 
isolated protoplasts where the number in one aggregation could reach more than 
ten (Fig. 1A). Furthermore, aggregated mitochondria were often associated with 
oil droplets. 

Oil droplets-were dispersed within the cytoplasm in both singular and aggregated 

forms; their size and electron density were variable (Figs. 1A & IB). The 
variability in stain uptake between seperate oil droplets reflected their differing 
contents. 
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Dictyosomes-were composed of 3-6 cisternae, and appeared in subcytoplasmic regions 

with their mature faces towards the plasma membrane (Fig. 1H), 

Nuclei-were centrally located in protoplasts with the electron density of the inner 

regions of each being greater than that of its peripheral regions (Figs. 1A & 
IF). There were many annuli with high electron-densities in the channels of 
pores dispersed on nuclear envelops (Fig. 2G). The double unit-membrane was 
fused together at the site of annuli, and many ribosomes were attached to the 
nuclear envelop in the close to the annuli. 

Polyethylene glycol (20%) induced protoplast fusion. This membrane fusion only 
occurred following the appearance of more than three point convex contactness of plasma 
membrane protrusions between two adjacent protoplasts (Fig. 1L). In this situation, 
cytoplasmic connections between the fusing protoplasts gradually increased in size as 
the originally Jong and narrow spaces between them contracted into the form of round 
vesicles within the newly formed fusion products. However, when the plasma membranes 
of two protoplasts were closely ad jointed but without several point contacts, fusion was 
never found. Occasionally protoplasts with more than one nucleus were observed (Fig. 
1J), indicating that protoplast fusion had occurred. 

Freeze-fracture of small tobacco calli collected from suspension culture brought to 
light several points worthy of note. A), Although there were some dead cells conta¬ 
ining no cytoplasm, these did still show conspicuous cell walls. B), The one of glycerol 
gradient for cryoprotection often induced plasmolysis in living cells. C), Cell walls 
consisted of microfibrils in singular of bundle dispersion (Fig. 2A). D), Plasma mem¬ 
branes separated from cell walls had many intramembranous particles distributed on 
their protoplasmic fractured faces (PF faces), and in certain regions, these intramemb¬ 
ranous particles were surrounded by a particle-free zone (Fig. 2B). D), Cell organelles 
in isolated protoplasts were relatively stable when subjected to the fracture method. 
This can be seen in Figs. 2C and 2J, which show that endoplasmic reticulum were 
preserved, that cisternae were still parallelly arranged in stack of 6 to 13 in the 
subcytoplasmic and submembranous regions, and that vesicles of endoplasmic reticulum 
were still located near to the tonoplast (Fig. 2M). F), Several dictyosomes occurred in 
the protoplasts with each dictyosome consisting of 5 to 8 cisternae (Figs. 2J & 2K). 
In the vicinity of these cisternrfe many vesicles were found (Figs. 1H & 2K), indicating 
an already well established protoplast secreting activity. G), Thylakoid membranes 
were still present in chloroplasts, but those of the lamellar system were not well organ¬ 
ized. Intramembranous particles were clearly dispersed on thylakoid membranes and 
there were many vesicular structures in the stroma (Fig. 2D). H), Mitochondria showed 
an easily recognizable double unit-membrane structure and crests extending towards 
the center of the matrix (Fig. 2E). I). Nuclei were spherical and numerous annuli 
distributed almost evenly on the nuclear envelop. The average number of annuli was 
35 per 1 um* of nuclear envelop (Fig. 2G). Many particles were sited around the 
nuclear pore. Particles on the membrane surfaces of the nuclear envelop were much less 
than those on fractured faces. Although intramembranous particles occured in all kinds 
of membranes, their distribution on protoplasmic faces was much dense than that on 
ecto plasmic faces (EF face) (Fig. 2C). J), Oil droplets in cross fracture showed 
smooth, clear surfaces (Fig. 2H). K), Vacuoles were numerous, and vacuolar inclusions 
were often found (Figs. 2L & 2M). 

For all of these organelles, the stereo-pair pictures (Figs. 2J &2K) gave distinct 
reference to the vertical aspect of faces, thereby enhancing the contrast of pictures. 
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DISCUSSION 

Although protoplasts isolated from cells of tobacco suspension culture showed many 
similarities in size, there were differences in structural details. For example, most 
protoplasts had dense cytoplasm with numerous samll vesicles evenly distributed therein 
but some had only one large vacuole in the center with cytoplasm being located in the 
peripheral region and with only a few organelles. This finding of the heterogenous 
nature of cell populations in suspension cultures inspects that of Vasil and Vasil (1980). 

Comparative studies of thin section and freeze-fracture techniques by Vigil et al 
(1984) and this present paper, show that the combinational technique is useful. Several 
pieces of evidence testify to this. First, cisternae of rough endoplasmic reticulum have 
been shown using thin section (DeRobertis and DeRobertis, 1980), to consist of multiple 
layers of flattened sacs in the protoplast and to be similar to liver cells. The present 
study, using freeze-fracture, also shows this and therefore substantiates that it is a 
naturally occuring features. Second, cytoplasmic membrane invaginations, containing 
cell organelles and concentric membrane pairs have already been described by Gigot et 
al (1975). Third, myelin sheath-like membranes shown by thin section (Hay and Hasty, 
1979) to occur in both cytoplasms and vacuoles, were not found in freezefracture- 
preparations, so this feature does seem to be an artifact of the thin section technique. 
Fourth, the frequent appearances of oil droplets in aggregated form already observed 
by Shih et al (1979), who may relate this to the centrifugation process, were also 
observed using freeze-fracture. 

Observations in the present study show that the initial step of protoplast fusion is 
the formation of membrane protrusions located in the regions of peripheral cytoplasm 
between the two adjacent protoplasts. Power et al (1970) suggested that the area of 
thick peripheral cytoplasm was the initial site of protoplast fusion; however in this 
study, membrane fusion first occurred in regions of both thick and thin peripheral 
cytoplasm. In this areas, the lowest number of membrane protrusions required for 
membrane fusion was three, this is similar to the phenomenon of interspecific protop¬ 
last fusion demonstrated by Fowke et al (1975). A further combination to fusion is that 
these protrusions must occur on micelle lipid areas of both protoplasts involved in a 
fusion, as already cited by DeRobertis and DeRobertis (1980). This mechanism of fusion 
proceeding only at restricted areas provides an energetically more economic and effect¬ 
ive process to protoplasts. Most fusion products of protoplasts contained 2 nuclei, al¬ 
though 3 or more were observed, this presumably arises from fusion of a corresponding 
number of protoplasts (Chen, 1980). 

Cell aggregates in suspension culture were laid on top of continuous glycerol gra¬ 
dient in 0.7M mannitol, where they took 15 to 20 minutes to reach equilibrium sedime¬ 
ntation. Plasmolysis frequently occurred when cell aggregates sank to the bottom of the 
gradient too fast, and this often resulted in a separation of the plasma membrane from 
the cell wall, concurrent with the destruction of the membrane complex in which 
cellulose microfibrils, according to Willison (1976), originated. It has been proposed 
(Montezinos and Brown, 1976; Willison, 1976) that intramembranous particles consist 
of long flexuous row particles in parallel with the array of wall microfibrils. It has 
also been put forward (Muller and Brown, 1980; Gidding et al, 1980) that hexag¬ 
onal rosettes in plasma membranes are the sites of cellulose synthesis and/or membrane- 
associated microtubules guide the direction of wall microfibril laid down. This present 
study shows rosettes of intramembranous particles in plasma membranes. To find the 
precise spatial relatioship between cellulose-synthesis complex and cortical micro- 
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tubules, wall regeneration in protoplast may prove to be a better system for approach. 

Stereo-pair photographs of freeze-fracture preparations (as described by Steere et 
at, 1975), at 0° and 10° tilting angles, allowed a three-dimensional structural analysis. 
In replicas, intramenbranous particles of EF faces were much fewer than on PF faces, 
and showed greater variability between different preparation. During both fracture and 
shadowing, integral proteins usually appeared on the PF faces whilst concavities on 
the EF faces. The number of concavities on EF faces was related to width and depth, 
such that for concavities of great volume, higher numbers of cave were found, whilst 
for those of small volume, fewer were found. This is a consequence of the rapid 
infilling of concavities by metal particles. 
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Figure 1. Tabacco protoplasts. 

A. Wall-free tobacco protoplast 

B. Partial enlaygement of A. 

C. Concentric myelin-like RER 

D. Nucleus and vicinity 

E. ER (arrowed) surrounding chloroplast 

F. Peripheral region of nucleus 

G. Subsuperfacial RER 

H. Golgi complex, multiple vesicle and polysomes 

I. Vesicles and its inclusions 

J. Two nuclei in a protoplast 

K. Concentric rings in plastid 

L. Fusion phenomenon between two protoplasts 

Abbreviations: A, Amorphous crystalline. 

C, Chloroplast. 

C R, Concentric ring. 

ER, Endoplasmic reticulum. 

M, Mitochondria. 

N, Nucleus. 

Nu, Nucleolus. 

O, Oil droplet. 

MV, Multiple vesicles 
PG, Plastoglobuli. 

PM, Plasma membrane. 

V, Vacuole. 

VE, Vesicle. 

Figure 2. A. Cell wall of tobacco cell 

B. Pf-face of plasma membrane. The arrows indicate the possible sites of micro¬ 
fibril synthesis 

C. 6-layered cistemae of endoplasmic reticulum in protoplast 

D. Chloroplast in protoplast. The arrow indicates in the intramembranous par¬ 
ticles in thylakoid 

E. Mitochondria 

F. Fractured vacuolar membrane 

G. Annuli on nuclear envelop 

H. Oil drop in cytoplasm 

J. and K. Stereo images of paralleled cisternae of endoplasmic reticulum and 
Golgi complex 

L. Vacuolar inclusion containing protoplast 

M. ER nearby the tonoplast 

Abbreviations: A. Annulus 
CW, Cell wall 
RE, Endoplasmic reticutum 
E S, Ectoplasmic surface 
G, Golgi complex 
O, Oil droplet 
EF, Ectoplasmic fractured face 
PF, Protoplasmic fractured face 
T, Tonoplast 
V. Vacuole 
V I. Vacuolar inclusion 
Th. Thylakoid 
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